We developed vector plasmids for the transformation of Halobacterium halobium, using the replicon region from the halobacterial phage OH or from' the plasmid pHHl together with a DNA fragment conferring resistance to mevinolin. H. halobium P03, a strain lacking pHHI as well as the restriction endonuclease activity found in wild-type H.
fragments tested for autonomous replication as well as the Haloferax volcanii vector pWL102 enabled stable plasmid maintenance in this strain. A frequent loss of all vectors (including pWL102) was observed inHf. vokanfi, where >90% of the mevinolin-resistant colonies obtained after transformation had lost the vector, presumably because of restriction endonuclease activity and concomitant recombination of the mevinolin resistance marker with the chromosome. The expression of gas vesicle-encoding genes (vac) was analyzed by using a 4.5-kilobase-pair (kbp) fragment containing the plasmid-encoded p-vac gene from H. haobium or an 11-kbp fragment containing the mc-vac chromosomal gene from Haloferax mediterranei for transformation experiments with H. halobium and. Hf. vokanii. These experiments indicated that the mc-vac fragment contains all information necessary to synthesize gas vesicles, whereas in the case of the smaller p-vac fragment, complementation by other genes was required for a Vac+ phenotype.
A characteristic feature of the archaebacterium (archaeobacterium) Halobacterium halobium is the synthesis of proteinaceous gas vesicles. H. halobium contains two vac genes [p-vac present on the 150-kilobase pair (kbp) plasmid pHH1 and c-vac on the chromosome] that encode the major structural protein of the respective gas vesicle (1) (2) (3) . Whereas the p-vac gene is expressed in wild-type H. halobium, the c-vac gene is only active in mutants completely lacking the p-vac region (3) . A homologous chromosomal gene (mc-vac) encoding a major gas vesicle protein was isolated from the more distantly related Haloferax mediterranei (4) .-
The analysis of halobacterial gene regulation by in vitro mutations and reintroduction into halobacteria requires a transformation system. Transfection of H. halobium has been demonstrated with phage OH DNA (5) , and transformation of the 1.7-kbp multicopy plasmid pHSB1 of Halobacterium sp. SB3 has been shown by colony hybridization (6) . For Haloferax volcanii, a species that neither produces purple membrane nor gas vesicles, a transformation vector (pWL102) is available (7) (8) , and the second replicon is derived from the endogenous 150-kbp plasmid pHH1 of H. halobium. A common region of4.3-kbp DNA was determined for all pHH1-type plasmids during the analysis of various deletion derivatives (9) . One of the two smallest derivatives, pHH9 (5.7 kbp), is found as a major plasmid, whereas the other one, pHH8 (6.3 kbp), is always present at a 1:1 ratio together with the parental plasmid pHH4 (10) .
In this paper, we describe the transformation of various H. halobium strains as well as Hf. volcanii with plasmid constructs containing the Hf. volcanii mevinolin-resistance gene combined with these putative H. halobium replicons. As the first application, the smallest H. halobium vector, pUBP2, and the Hf. volcanii vector pWL102 were used to study gas vesicle synthesis. *To whom reprint requests should be addressed.
MATERIALS AND METHODS
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Plasmids were purified by CsCI/ethidium bromide density gradient centrifugation (9) . Southern Hybridizations. Stringent hybridizations were done at 42°C in a solution containing 45% formamide, 0.75 M NaCl, 0.075 M sodium citrate (pH 7), 20 mM sodium phosphate (pH 6.5), 100 ,g of salmon sperm DNA per ml, and 0.1% sodium dodecyl sulfate. Restriction fragments were labeled as described by Feinberg and Vogelstein (14) . After hybridization, filters were washed as described (2) . For low-stringency hybridization of total Hf. volcanii DNA with the p-vac, c-vac, and mc-vac genes, the formamide concentration was lowered to 30%, and the filters were washed twice for 15 min at room temperature. Filters were exposed by using Trimax-X100 films and intensifying screens.
Copy Number Determination of Halobacterial Plasmids. Cells contained in 1.5 ml of a culture in late logarithmic growth were lysed in the same volume of 10 mM Tris/1 mM EDTA, pH 7.5, and treated with 10 jig of RNase per ml. After electrophoresis through a 1% agarose gel in 1 mM EDTA/20 mM Tris acetate, pH 7.5, the intensity of the ethidium bromide-stained plasmid and chromosomal DNA bands was determined with a microdensitometer (Joyce-Loebl).
Preparation of Cell-Free Extracts for Analysis of Restriction
Endonuclease Activity. Two hundred milliliters of a culture in late logarithmic growth was used for the preparation of the cell-free extract (15) . Plasmid pBR322 containing the 10.8-kbp Cla I fragment of phage 4H DNA was used as substrate in the analysis of restriction endonuclease activity. Transformation of Halobacteria. Transformations were done as described by Cline et al. (5, 12) with the following modifications. After transformation cells were kept at 42°C for 12-24 hr; then 1/10th of the transformation assay was spread on solid medium and incubated up to 2 weeks. At the mevinolin concentration used, the spontaneous resistance frequency of a stationary H. halobium culture was 1 x 10-6.
ISH1.8
Colonies grew more slowly on mevinolin plates than without selective pressure. In comparison, Hf. volcanii cells were less fragile during the transformation procedure, whereas H. halobium cells had a strong tendency to lyse.
RESULTS AND DISCUSSION
Construction of H. halobium Vector Plasmids. Copynumber determination of the plasmids chosen for the vector constructions (except pHH4) revealed 15-20 copies per chromosome for p4HL and 8-10 copies in the case of pHH8 and pHH9 (data not shown). The latter two plasmids occur in the same copy number as determined for pHH1 in wild-type H. halobium (16) .
Restriction fragments from these plasmids were inserted into the ampicillin-resistant E. coli plasmid pIBI containing a 3.5-kbp Hf. volcanii DNA fragment conferring resistance to mevinolin. Plasmid pIBI-mev does not contain halobacterial replication functions, thus providing a test system for the autonomous replication mediated by the inserted DNA fragments. We tested as putative halobacterial replicons (i) a 10.8-kb Cla I fragment of phage OH containing most of the sequences maintained in plasmid p4HL except 800 bp of the fusion region and (it) three fragments of pHH1-type plasmids-i.e., an 8.8-kbp EcoRI fragment of pHH4 (as parental wild-type form) and the entire EcoRI-linearized plasmids pHH8 and pHH9 (Fig. 1) . The latter three fragments overlap by 4.3 kbp (besides ISH27 insertion sequences). The resulting constructs are summarized in Table 2 , and a restriction map of the smallest H. halobium vector, pUBP2, is presented in Fig. 2 .
Transformation of H. halobium. H. halobium P03 lacking pHH1-type plasmids entirely (F. P., unpublished data) was transformed with the vector containing the Cla I fragment of phage OH (pUBP1), the three constructs containing the pHH1-derived fragments, and the Hf. volcanii vector pWL102 (7) . With all vectors we obtained 104-106 transformants per jig of DNA (depending on the experiment). Analysis of the plasmid DNA indicated that each transformant contained the plasmid construct used for transformation (data not shown). To test for vector plasmid stability, the pUBP2 and pUBP8 transformants were grown for 3 weeks with or without selective pressure, and the plasmid content of 50 single colonies was analyzed. Without selection pressure, about 30% of the colonies had lost the construct together with the mevinolin resistance, whereas with mevinolin selection the vectors were stably maintained. Mevinolin region common to all pHH1-type plasmid fragments contain the functions necessary for plasmid replication and maintenance. The minimal size of both replicons will be determined by introducing further deletions.
To test for plasmid incompatibility, the pHH1-derived vectors pUBP2 and pUBP8 were used to transform the H. halobium strain containing pHH4. In both cases transformants were obtained, and all ofthem initially harbored pHH4 together with the vector. After continuous propagation of individual clones for more than 3 weeks without selective pressure, pUBP2 or pUBP8 were lost in >90% of the transformants (46 of 50), while pHH4 was maintained. In contrast, with mevinolin selection both vectors were stably maintained, and pHH4 was deleted (data not shown). These experiments indicate that both-pUBP2 and pUBP8 express incompatibility functions, although in the original strain pHH8 could not be enriched further than to a 1:1 ratio together with pHH4 (10). We assume that the incompatibility functions of the pHH4 plasmid in the H. halobium strain containing pHH4 and pHH8 are defective.
H. halobium P03 and the H. halobium strain containing pHH4 exhibited a 100-fold higher transformation rate (up to 106 per ttg of DNA) than H. halobium wild-type (103-104 per ,ug of DNA), suggesting that both strains lack the restriction endonuclease activity found in H. halobium wild type (15) . Indeed, the analysis of cell-free extracts demonstrated in H S P B H K both strains lacked the H. halobium restriction endonuclease activity (Fig. 3) . synthesis. The pWL102-pvac construct contained a 4.5-kbp Kpn I p-vac fragment (Fig. 4) , whereas pUBP2-mcvac harbored an 11-kbp Pst I fragment from Hf. mediterranei containing the mc-vac gene and 7.2-kbp-upstream and 3.5-kbpdownstream DNA sequences (4). The transformation vectors were chosen according to the presence of the appropriate cloning sites.
Recipient strains were either Hf. volcanii or two H. halobium mutants with different vac genotypes: one was H. halobium P03 (lacking the entire p-vac region but still containing a chromosomal c-vac region expressed at a low level in the late stationary phase of growth), and the other one was Vac mutant MCH1 that incurred an ISH27 insertion element in the p-vac promoter region with an otherwise unchanged pHH1 plasmid and no c-vac expression (M. Home and F.P., unpublished data). As shown by low-stringency Southern hybridizations, Hf. volcanii does not contain gas vesicle protein genes (data not presented), thus providing a clean genetic background for the analysis of vac gene expression.
Transformation of strains completely lacking the p-vac region (Hf. volcandi and H. halobium P03) with pWL102-pvac did not reveal transformants synthesizing gas vesicles, suggesting that the 4.5-kbp Kpn I fragment of pHH1 is not sufficient for gas vesicle production, although the entire p-vac gene (250 bp) and 4 kbp of its surroundings are present on this fragment. p-vac-specific mRNA was found in H. volcanii as well as in H. halobium P03 transformants but not in the appropriate recipient strains, indicating that the p-vac gene on the vector molecule is expressed but not sufficient for the gas vesicle formation (data not shown). However, transformation of the H. halobium MCH1 with pWL102-pvac led to the restoration of gas vesicle synthesis. As monitored by the color of the colonies on agar plates and by inspection of the cells under the phase-contrast microscope, about 95% of the transformants produced gas vesicles, 20% of them at a level similar to H. halobium wild type in trans to the mutant gene on pHH1. Thus, the Vac+ phenotype is due to complementation in trans, whereas a cis configuration leads to the Vac+ phenotype.
One of the initial Vac-transformants contained a size increase of 1.4 kbp in the 5.2-kbp EcoRI/HindIII fragment located upstream of the p-vac gene (see Fig. 4 ), presumably deriving from the integration of an additional insertion element (data not shown). Investigation of the p-vac region in the recipient strain revealed that 5% of the cells had incurred an insertion (ISH) element upstream of the p-vac gene (outside of the Kpn I fragment used for transformation) as found in the Vac-transformant (data not shown). Thus, the 5% Vac-transformants can be traced back to the transformation of this double mutant. Since transformation of the double mutant does not reveal gas vesicle-producing cells, we assume that the target region of the additional insertion element is necessary for gas vesicle synthesis. The analysis of a variety of ISH-element-induced Vac mutants also indicates the additional genes located within the 4.5-kbp Kpn I fragment and further upstream of the p-vac gene are necessary for gas vesicle synthesis (ref. 17 ; M. Home and F.P., unpublished data). Transformation of larger p-vac fragments and complementation studies should help to define the size of the plasmid region necessary for gas vesicle formation.
In contrast to the p-vac fragment, transformation of Hf. volcandi with pUBP2-mcvac resulted in about 10% Vac+ transformants. The Vac+ phenotype of these transformants-similar to that of Hf. mediterranei-appeared in the stationary phase of growth, and inspection of these cells under the phase-contrast microscope indicated light refractile bodies typical for gas vesicles (Fig. SB) . As tested by hybridization, each of these Vac+ colonies contained pUBP2-mcvac, whereas none of the Vac-transformants contained the construct (data not shown). The frequent loss of pUBP2-mcvac with concomitant rescue of the mevinolin-resistance marker in Hf. volcanii resembles the instability observed with pUBP2 (see above). Nonetheless, this system can be used to determine the minimal size of the mc-vac region needed for gas vesicle synthesis.
Untransformed H. halobium P03 colonies indicated a lowlevel Vac phenotype in late stationary phase of growth. After transformation by pUBP2-mcvac, gas vesicle synthesis occurred at the same low level as in the untransformed recipient strain. Expression of the mc-vac gene was neither detectable in the recipient strain nor in the pUBP2-mcvac transformants (data not shown). It is possible that the expression signals of the Hf. mediterranei mc-vac gene are efficiently recognized in the closely related Hf. volcanii but not in the more distantly related H. halobium. The lack of mc-vac expression in H. halobium P03 may also be explained by a repression of the mc-vac gene mediated by the c-vac region present in this strain. Further investigations are necessary to determine a possible influence of the c-vac region and to characterize the individual functions of the genes involved in gas vesicle synthesis. 
